The optical properties of p-type Al x Ga 1−x As ͑x = 0, 0.01, and 0.16͒ epitaxial films with different beryllium and carbon doping concentrations ͑10
I. INTRODUCTION
In recent years, with the breakthroughs in III-V epitaxial growth techniques, GaAs and Al x Ga 1−x As thin films have found wide applications in optoelectronic devices. One of the important applications of the Al x Ga 1−x As films is in terahertz detectors ͑i.e., far-infrared detectors: 1 THz= 300 m͒. [1] [2] [3] [4] High-performance heterojunction and homojunction interfacial work-function internal photoemission ͑HEIWIP and HIWIP͒ terahertz detectors have stimulated further interest on the terahertz optical properties of the Al x Ga 1−x As films. The detection mechanism of HEIWIP and HIWIP terahertz detectors involves free-carrier absorption in the heavily doped emitter layers, followed by the internal photoemission of photoexcited carriers across the junction barrier and then collection by the contact. Therefore, the free-carrier absorption studies can be used to improve HEIWIP and HIWIP performances in the terahertz frequency region. 5 The far-infrared ͑FIR͒ or the terahertz measurements on materials are of great importance due to the phonon frequency and optical constants that can be found in the region. 6, 7 The terahertz optical properties of the Al x Ga 1−x As film materials are interesting since the free-carrier absorption plays an important role in the detector applications. The freecarrier optical properties of GaAs with carrier concentrations up to 2 ϫ 10 18 cm −3 can be reasonably described with the Drude model as suggested by Huggard et al. 8 It was shown recently that the Drude model is valid for the silicon layers with carrier concentrations up to 3 ϫ 10 19 cm −3 . 9 This work will focus on the reasonability of the Drude model for heavily doped Al x Ga 1−x As films. The optical constants ͑i.e., the refractive index and extinction coefficient͒ of semiconductor materials are important in the device design and analysis. It is also of scientific interest to obtain the analytical expression for the optical response of semiconductors. 10 The optical constants of Al x Ga 1−x As materials have been reported previously for intrinsic and/or n-type bulk materials and films with Al fraction x greater than 0.20 beyond the 3-THz frequency. 11 The absorption of the terahertz detectors depends not only on the absorption coefficient ͑through the extinction coefficient͒ but also on the refractive index. Therefore, the optical constants are important for calculating the FIR absorption of the terahertz detectors. 2 This makes it important to study the optical constants of materials in the lower-frequency region, where the reststrahlen absorption band is absent and the free-carrier effects become dominant.
The longitudinal-optical phonon plasmon ͑LPP͒-coupled modes can be directly studied using infrared reflectance spectra. 12 Although there are some reports on the LPPcoupled modes of p-type Al x Ga 1−x As films using Raman scattering, 13, 14 the LPP-coupled modes were not well analyzed for the high hole concentrations in the infrared reflec-tance spectral measurements. 15 The upper LPP-coupled mode has not been observed in Raman scattering for p-type GaAs materials due to a higher damping constant, higher hole effective mass, and lower hole mobility. 16, 17 Therefore, the infrared reflectance spectra could be a suitable tool to study the LPP-coupled modes for p-type Al x Ga 1−x As films.
Here, the optical properties of p-type Al x Ga 1−x As ͑x = 0 -0.16͒ epitaxial films with different beryllium ͑Be͒ and carbon ͑C͒ doping concentrations are reported using FIR reflectance spectroscopy. The effects of the doping concentration on the optical constants and LPP-coupled modes were investigated.
II. EXPERIMENT DETAILS
Two sets of p-type Al x Ga 1−x As film samples were grown by molecular-beam epitaxy ͑MBE͒ at a growth temperature of 550°C. The first set of four samples was 1-m-thick Be-doped epitaxial Al x Ga 1−x As ͑x = 0.01 and 0.16͒ films grown on a 520-m-thick semi-insulating GaAs͑100͒ substrate. grown on a 350-m-thick semi-insulating GaAs substrate. The Al fraction, and the Be-and C-doping concentrations of the samples were analyzed by secondary-ion-mass spectrometry ͑SIMS͒. Carbon was used as a dopant since it allows a high level of doping compared to beryllium. The FIR reflectance spectra of the samples were recorded using a Perkin-Elmer system 2000 Fourier transform infrared ͑FTIR͒ spectrometer in the frequency region of 1.5-15 THz ͑i.e., 200-20 m or 50-500 cm −1 ͒ at room temperature. These measurements ͑near normal incidence Ͻ 10°͒ were done with a resolution of 4 cm −1 . The illuminated area on the epilayers was about 4 mm in diameter.
III. RESULTS AND DISCUSSION

A. Data analysis
The reflectance of the single film on the substrate can be calculated by Snell's law and Maxwell's equations considering the film to be isotropic. 18 The matrix method is used since it enables easy calculation of reflectance for an arbitrary number of parallel and isotropic layers. Suppose the complex refractive index of the film is ñ f , vacuum is unity, and the substrate is ñ s , respectively. The resultant matrix C r is described by the following product form:
Here, C vf is the interface matrix between vacuum and film
ͬ ,
͑2͒
and C f is the propagation matrix for the film
where is the incident wavelength, d is the film thickness, and C fs is the interface matrix between film and substrate
͑4͒
the reflectance can be readily obtained from
͑5͒
For doped semiconductor materials, the terahertz dielectric response functions are expressed by a multioscillator for the optical phonons and the Drude model for free carrier or plasma response. The dielectric function ͑ = 1 + i 2 ͒ of the Al x Ga 1−x As films is written as
Here, ϱ is the high-frequency dielectric constant, p is the plasma frequency, ␥ is the free-carrier damping constant ͑re-lated to the scattering time by =1/2c␥͒, TO,k is the transverse-optical ͑TO͒ phonon frequency, S k is the TO phonon strength, ⌫ k is the damping parameter of the TO phonon, and is the frequency of the incident light. The plasma frequency p of free carriers with effective mass m * and carrier concentration n p is given by the following equation:
Here, e is the electron charge, o is the vacuum permittivity. Only the n p / m * ratio is determined from the plasma frequency. It is noted that a single-Lorentz oscillator is used for the Al x Ga 1−x As ͑x ഛ 0.01͒ films because the GaAs-like TO phonon was observed while the AlAs-like TO phonon was very weak in the measured terahertz frequency region. However, two Lorentz oscillators must be considered for the Al 0.16 Ga 0.84 As film because the GaAs-like and AlAs-like TO phonons were both visible from the experimental reflectance spectra. In modeling the experimental data, two steps were considered. First, all the parameters in Eq. ͑6͒ were used as free parameters and determined using a least-square fitting program. It was found that the GaAs-like ͑about 268 cm −1 ͒ and AlAs-like ͑about 358 cm −1 ͒ TO phonons for all the Al x Ga 1−x As films had almost the same frequency as the values reported in Refs. 19 and 20. In the second step, all the Lorentz parameters obtained in the first step were fixed in order to reduce the model parameter correlation, and only the Drude parameters ͑ p and ␥͒ were calculated. It is reasonable that the TO phonon frequency is nearly the same in all samples because the doping concentration only slightly affects the phonon frequency. 21 The reflectance spectrum for the Al 0.16 Ga 0.84 As film was well reproduced using the twooscillator model, as shown in Fig. 1͑c͒ , which demonstrates the validity of the Drude model in the low-frequency region for the second step in the calculations.
The reflectance R was calculated using the three-phase model ͑air/ Al x Ga 1−x As film/GaAs substrate͒. The interface layer between the film and substrate was neglected because of its small effects. The optical constants of the GaAs substrate were also calculated using Eq. ͑6͒ with the parameter values in Ref. 17 . By adjusting the Drude parameter values of Eq. ͑6͒ to fit the experimental spectra to theoretical spectra, the best parameter values for the epitaxial films were determined. The optical constants ͑ñ f = n + i͒ were calculated from
͑8͒
The experimental ͑dotted lines͒ and calculated spectra ͑solid lines͒ for the Al x Ga 1−x As epilayers are shown in Fig. 1͑c͒ . There are some interference peaks in the low-frequency ͑long wavelength͒ region since the substrate is polished on both sides. In the low-frequency region ͑ഛ5 THz͒, the reflectance shows a slowly increasing trend with decreasing frequency. Generally, the free-carrier behavior plays an important role beyond the TO phonon frequency region. This implies that the Drude model can reasonably explain the absorption of the heavily doped Al x Ga 1−x As films.
The Drude parameter values used in the calculations are listed in Table I and their plasma frequencies are slightly different. However, the value is located between that of the samples with doping concentrations of 3.0ϫ 10 18 and 7.1ϫ 10 18 cm −3 . The discrepancy could be due to the effects of the Al fraction and the AlAs-like TO phonon. Based on the previous discussions, the n p / m * value is determined from the plasma frequency since the effective mass m * may deviate from the intrinsic bulk material value. Therefore, the ratio contains the effect of the doping concentration on the effective mass. The ratios are close to unity and show a decreasing trend with the doping concentration. This indicates that the hole concentration is in agreement with the doping concentration and the hole effective mass increases with the doping concentration. 17 For the GaAs films with the two highest doping concentrations, the ratios are 1.05 and 0.90, respectively. This implies that the hole concentration is almost equal to the doping concentration and has the smallest discrepancy in the hole effective mass. For the GaAs film with the doping concentration of 4.7ϫ 10 19 cm −3 , this ratio ͑0.90͒ is slightly less than unity indicating that the hole effective mass is the largest for the 
B. Effects of doping concentration on optical constants
The calculated optical constants n and are shown in Figs. 2 and 3 , respectively. The inset in Fig. 2 shows the refractive indices of the Al x Ga 1−x As films with different doping concentrations in the 1.5-3-THz frequency region. The refractive index increases with the doping concentration in the low-frequency region. However, there are differences between the values above and below 8.1 THz, which indicate that the TO phonon provides a large contribution to the refractive index in this frequency region. Isenberg and Warta reported similar refractive index increasing at long wavelengths for heavily doped silicon layers. 22 The extinction coefficient increases with the doping concentration in the entire frequency region. As shown in Figs. 2 and 3 , the optical constants increase quickly with decreasing frequency, and the differences between the samples become very large in the low-frequency region ͑ഛ5 THz͒. However, these differences are small beyond the TO phonon frequency. The optical constants of the Al x Ga 1−x As ͑x = 0.01 and 0.16͒ films with a doping concentration of 4.7ϫ 10 18 cm −3 are shown in Fig. 4 . The refractive index and the extinction coefficient increase slightly with the Al fraction in the low-frequency region. It should be noted that the AlAs-like TO phonon is neglected in the mode for the Al 0.01 Ga 0.99 As films. This results in the second peak ͑10.7 THz͒ of the optical constants for the Al 0.16 Ga 0.84 As film. It indicates that the Al fraction can also affect the terahertz optical properties ͑free-carrier absorption behavior͒ since the doping concentration is the same. By using the Kane model, Metzger et al. calculated the shift of the Fermi level relative to the conduction-band valley of GaAs and InAs with different carrier concentrations. 23, 24 The results indicate that the shift of the Fermi level increases with the carrier concentration. Although the shift is not large for the lightly doped samples, it increases quickly with heavily doped samples. For the epilayers with doping concentrations of 10 18 −10 19 cm −3 in this work, the theoretically calculated Fermi level shifts approximately from 0.2 to 0.7 eV. This shift is large compared to the terahertz photon energy. The Fermi-level shift can induce a redistribution of the free carriers above the conduction band if the effective mass changes slightly for different doping concentrations or Al fractions. The situation becomes much more complicated in p-type Al x Ga 1−x As materials since the free holes occupy the heavy-hole and light-hole energy bands. This energy shift is expected to affect the two band distributions and the occupying possibility of heavy and light holes strongly. Moreover, both the intervalence band and the freecarrier transition dominate the terahertz optical properties of the Al x Ga 1−x As films due to lower photon energy, contributing to the optical constants. The interaction between the tera- hertz radiation and the free carrier may change with the free hole distributions for p-type materials. Therefore, the dielectric response to the terahertz radiation is different and the optical constants vary with the doping concentration for the Al x Ga 1−x As epilayers.
C. Effects of doping concentration on Drude parameters
For p-type Al x Ga 1−x As materials, the free carriers are holes which populate two different bands, the heavy-hole and the light-hole bands, to different extents in k space. 17 The Drude model considers the simplest approximation for the contribution to the terahertz dielectric functions of the plasma. From the present results, it can be concluded that the approximation is reasonable. For clarity, the calculated results compared with the nominal doping concentration, and the damping constants ͑i.e., scattering times͒ are shown in Figs. 5͑a͒ and 5͑b͒, respectively. The calculated plasma frequencies are close to the theoretical results, indicating that the calculated results can be reasonably used to obtain the plasma frequencies. The difference may be due to the presence of a near-face depletion layer, which was not considered in the three-phase model. The calculated reflectance spectra using a four-phase model, which contains the depletion layer on the Al x Ga 1−x As film layer, did not change the values listed in Table I The present results are also close to those data except for a p-type GaAs epilayer with the doping concentration of 1.3 ϫ 10 19 cm −3 , which has a lower scattering time. Note that the scattering time in the Drude model is independent of frequency and it represents the average value for all terahertz frequencies. The different doping concentrations can affect the free hole transport properties due to changing free hole density. Also the Al fractions destroy GaAs-lattice longrange order, inducing the scattering time variations. The competition between the two effects appears for the Al x Ga 1−x As films with different Al fractions and doping concentrations. These perturbations are not considered in the simplest Drude theory. 25 In addition, the fluctuation of the scattering time may be attributed to the optical model because the GaAs substrates are polished on both sides and the model neglects the multiple reflections in the substrate. The large hole effective mass and different dopants also may affect the scattering time.
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D. Longitudinal-optical phonon plasmon coupled modes
The longitudinal-optical phonon plasmon ͑LPP͒-coupled modes of p-type GaAs films have been investigated for different dopants and doping concentrations using Ramanscattering or infrared reflectance spectra. [13] [14] [15] 21 The nature of the LPP-coupled modes in ternary alloy systems is complicated as a consequence of the two-mode behavior of their zone-center optical modes. 27 If the doping concentration is not high ͑ഛ10 19 cm −3 ͒, the LPP − mode is close to the GaAslike TO phonon frequency and the LPP + mode shifts from the AlAs-like LO to the plasmonlike when plasmon frequency is beyond the AlAs-like LO frequency. On the other hand, the peak L 0 should change from the GaAs-like LO to the AlAs-like TO with increasing doping concentration ͑Note that the GaAs-like phonon is separated from the AlAs-like phonon, which occupies the high-frequency parts. 28 ͒ Figures  6͑a͒ and 6͑b͒ show the LPP-coupled modes obtained from the spectral density function Im͕−1 / ͖ for the Al x Ga 1−x As ͑x ഛ 0.01͒ films and the Al 0.16 Ga 0.84 As film, respectively. A single mode was observed near the GaAs-like TO phonon for the Al 0.01 Ga 0.99 As and GaAs films, as listed in Table II . The broadening of the LPP-coupled modes is due to the higher damping constant, higher hole effective mass, and lower hole mobility. 16 In particular, the lower branch ͑255 cm −1 ͒ of the GaAs epilayer with the highest doping concentration is close to the GaAs-like TO phonon frequency ͑268 cm −1 ͒. The upper LPP + modes increase with the doping concentration and show the transition from phononlike to plasmonlike behavior. 15 The LPP − mode for p-type GaAs film with a doping concentration of 2.0ϫ 10 19 cm −3 has been observed at a frequency of 266 cm −1 by Yuasa and Ishii, 21 which is similar to the present work. It should be noted that the uncoupled plasma frequency is larger than the GaAs-like TO phonon frequency for all epilayers. Also, the upper LPP + mode values are close to the uncoupled plasma frequency ͑ p in Table I͒ and become broader with increasing doping concentration. This indicates the ability to derive the LPPcoupled modes from the infrared reflectance spectra. The LPP-coupled modes of the Al 0. 16 
E. Relationship between doping concentration and absorption coefficient
The free-carrier absorption ͑FCA͒ coefficient has a simple quadratic dependence on wavelength; however, the theory is only valid at frequencies beyond about 20 THz. 22, 29 Although the measured frequency region in the present work is below the above value, a similar phenomenon was observed for the Al 0.01 Ga 0.99 As films in the high-frequency region, but not for the GaAs films as their doping concentrations are very high. However, the absorption coefficient decreases slightly with decreasing frequency in the lowfrequency region ͑ഛ3 THz͒. It is clear from the Drude parameters in Eq. ͑6͒ that is similar to ␥ at lower frequencies. The saturation of the absorption coefficient is not observed up to 1.5 THz in the present work.
The calculated absorption coefficients ͑␣ =4 / ͒ are shown in Fig. 7 . The absorption coefficient is one of the important factors in terahertz detectors. Previous literatures have reported the free-carrier absorption for p-type GaAs with low doping concentrations ͑up to 10 18 cm −3 ͒ only in a relatively high-frequency range ͑ജ15 THz͒. 25, 26 Similar to the extinction coefficient, the absorption coefficient increases with the doping concentration. The absorption coefficient is about 7.5ϫ 10 3 cm −1 for the p-type GaAs layer with the doping concentration of 1.3ϫ 10 19 cm −3 at 3.75 THz ͑80 m͒. The shift of the absorption coefficient at 3.75 THz, which is the threshold frequency for some of the designed terahertz detectors, relative to the doping concentration is shown in Fig. 8 . The terahertz absorption coefficient of the Al 0.01 Ga 0.99 As and GaAs epilayers can be fitted to the following empirical relationship:
where the effect of the small Al fraction is negligible. Here, N p is the doping concentration in cm −3 . Recently, Ray et al. reported a relationship of ␣ 3.75 = 3.5ϫ 10 −8 N p 0.60 for doped silicon films at the same frequency. 9 While the reported absorption coefficient in the above literature is from the experimental transmittance and reflectance measurements, the present work focuses only on the reflectance data. Based on Eq. ͑9͒, increasing the doping concentration can improve the performance of terahertz detectors. However, the absorption coefficient approaches a constant as the doping concentration increases at low frequencies. It is expected that the absorption coefficient approaches the values of metallic materials because the doping concentration is close to or above Mott transition concentration. The sublinear relationship between the terahertz absorption coefficient and the doping concentration needs to be further studied in order to improve the performance of terahertz detectors.
IV. CONCLUSIONS
In conclusion, optical constants of p-type Al x Ga 1−x As ͑x = 0, 0.01 and 0.16͒ epitaxial films with different beryllium and carbon doping concentrations have been investigated in the terahertz frequency region from 1.5 to 15 THz. With the three-phase model ͑air/film/substrate͒ and the classical Lorentz-Drude model, the experimental reflectance spectra can be fitted to derive the optical constants. The results indicate that the refractive index and extinction coefficient increase with the hole concentration. The calculated plasma frequency is close to the theoretical result. The average freecarrier scattering time is about 1.39ϫ 10 −14 s. The LPPcoupled modes of the Al x Ga 1−x As films were investigated. The upper LPP + mode increases with the doping concentration and shows a transition from phononlike to plasmonlike behavior. Three LPP-coupled modes were observed for the Al 0.16 Ga 0.84 As film. The corresponding frequencies are 6.2, 9.2, and 11.5 THz, respectively. The absorption coefficient for the Al x Ga 1−x As films decreases slightly with the increasing frequency. A sublinear relationship between the absorption coefficient and the doping concentration was found at 3.75 THz.
